Triadobatrachus massinoti is a batrachian known from a single fossil from the Early Triassic of Madagascar that presents a combination of apomorphic salientian and plesiomorphic batrachian characters. Herein we offer a revised description of the specimen based on X-ray micro-tomography data. We report previously unknown caudal vertebrae, possible mentomeckelians, and hidden parts of other structures. We also confirm the presence of a ventrolateral ledge on the opisthotic, and we rectify some previous interpretations. There are no cervical ribs and the jaw may have had an angular. The presacral region is composed of 15 vertebrae with a unique atlas-axis complex instead of 14 vertebrae with a bipartite atlas. The configuration of the pelvic girdle is not very clear, although it is likely more plesiomorphic than the anuran-like condition previously assumed. Our re-assessment of the saltatorial performance of Triadobatrachus supports the traditional interpretation that this animal was not a specialised jumper. In order to assess the sequence of events in the early evolution of the salientian morphotype, we estimated the ancestral length of the trunk region of batrachians under different hypotheses of lissamphibian relationships and divergence times. Most of our results suggest that some trunk reduction took place before the divergence of caudates and salientians (presumably in the Permian), and that the trunk of Triadobatrachus mostly reflects this ancestral condition. Thus, trunk reduction possibly preceded the anteroposterior elongation of the ilia and the shortening of the tail seen in Triadobatrachus. We also provide an updated review of the data relevant for the use of Triadobatrachus as a calibration constraint in molecular divergence age analyses that meets recently-suggested standards.
Introduction
The earliest undisputed lissamphibians known to date are the Early Triassic (~251 -247 Ma) salientians (totalgroup anurans) Triadobatrachus massinoti (Piveteau, 1936) , of which a single fairly complete specimen has been found, and Czatkobatrachus polonicus, Evans and Borsuk-Białynicka, 1998 , which is known only by disarticulated remains of the appendages and vertebrae. These two taxa are the only fossil record from Carroll's gap (an expression coined by Marjanović and Laurin [2013] , and spanning the Middle Permian to the Early Jurassic) documenting the origin and earliest phases of evolution of lissamphibians.
Under the phylogenetic hypotheses on the origin of lissamphibians currently defended in the literature, lissamphibians are closest relatives to either amphibamid temnospondyls (Ruta and Coates, 2007; Maddin and Anderson, 2012) or lysorophian lepospondyls (Vallin and Laurin, 2004; Marjanović and Laurin, 2013) . In both cases, the most recent possible sister taxa date back to the Cisuralian (Early Permian, 299 -271 Ma), leaving a temporal gap of at least ~20 My between them and Triadobatrachus.
The second and longest part of the gap (at least 47 My) ends with the next earliest salientian (Prosalirus bitis, Shubin and Jenkins, 1995) in the Pliensbachian (Early Jurassic, , which is morphologically very close to anurans (Shubin and Jenkins, 1995) . The first fossils that unambiguously belong to other lissamphibian clades also appear in the Jurassic Laurin, 2007, 2014) . Heckert et al. (2012) reported an atlas and putative anteriorly-elongated ilia of possible batrachian affinities from the Upper Triassic Cumnock Formation, North Carolina, but the fragmentary condition of the material precludes a reliable identification, as they themselves warn. As far as we are aware, other possible Triassic lissamphibian material lacks unequivocal diagnostic characters (e.g. Ivakhnenko, 1978) . Thus, Triadobatrachus finds itself in the doubly important position of being the only reasonably complete fossil connecting one of the two major clades of living tetrapods with its possible sister-groups in a span of at least 67 My, and of documenting the early evolution of the highly specialised morphology of anurans.
Preserved as a mould in a small nodule split into two parts, Triadobatrachus has been the subject of several descriptive works (Piveteau, 1937; Watson, 1941; Hecht, 1962; Griffiths, 1963; Estes and Reig, 1973; Rage and Roček, 1989; Borsuk-Białynicka and Evans, 2002; Sigurdsen et al., 2012) , the most recent major description being that of Rage and Roček (1989) (hereafter referred to as RR89). However, because of the type of preservation, those studies have been limited to the difficult examination of the negative impressions left by the skeleton, or to the use of casts. Here we present the first description of the fossil based on X-ray computed microtomography data. This new approach allowed us to reassess its morphology with a three-dimensional model of the reassembled skeleton, and to discover previously unknown structures that were hidden deeper inside the nodule matrix.
Our description reports new characters and updates the information on several features, such as the ventrolateral ledge of the opisthotic, dorsal protuberances of the exoccipital, the morphology of the atlas-axis complex (as two distinct vertebrae rather than a fused complex, no ribs) and its mode of articulation with the skull, the minimal number of caudal vertebrae, and the nature of the sacral articulation, and has implications on the interpretation of the evolution of the peculiar caudopelvic system and the adaptations for jumping of anurans. We also seized the opportunity to assess a more general question regarding the evolution of batrachians (caudates + salientians) in the light of our new discoveries. Our re-examination yields 15 presacral vertebrae for Triadobatrachus (instead of the 14 previously reported in RR89), which is well within the range of variation of presacral numbers of caudates (12 or 13 to over 60, figure 10). Therefore, it is possible that the extent of vertebral number reduction and trunk shortening (relative to the ancestral condition of lissamphibians) seen in Triadobatrachus is a batrachian synapomorphy rather than a peculiarity of Salientia. This hypothesis is explored below. Finally, we also provide an updated review of the evidence relevant to the use of Triadobatrachus as a dating constraint.
Material and methods
The holotype of Triadobatrachus massinoti is housed in the palaeontological collection of the Muséum National d'Histoire Naturelle in Paris (MNHN), under the voucher number MNHN.F.MAE126. It consists of a split nodule that exposes the dorsal and ventral halves of the natural mould of the fossil.
Tomography and segmentation
We based our description on X-ray microtomography (XMT) of MNHN.F.MAE126. The two halves of the nodule were placed together in their original position for image acquisition.
XMT was done in a Phoenix X-ray microtomograph (v|tome|x 240 L, GE Sensing & Inspection Technologies) of the AST-RX imaging facilities of the MNHN. Image acquisition was performed under a tension acceleration of 145 kV and current intensity of 420 μA. The X-ray source consists of a microfocus Phoenix 240 kV/320 W open tube. We used a detector composed of a Perkin Elmer flat panel of 40×40 cm, 2024×2024 pixels, and pixel size of 200 μm. The dataset consists of 18000 projections taken over 360º with exposure time of 1 s. The geometry was set to obtain a voxel size of 62.2 μm. The final volume set is 1076×869×2005 pixels.
The resulting tomograms were rotated to be oriented in the standard anatomical planes and the space surrounding the fossil was cropped using the program FIJI (Image J 2.0). The rotation modified the voxel size by about 10%.
Image segmentation was performed on MIMICS ® v. 16 (Materialise) at the 3D imaging platform of the MNHN. We first applied automatic thresholding to isolate the cavity within the nodule. That initial segmentation was later refined by several passes of sliceby-slice manual inspection and correction along the three standard anatomical axes. Although the nodule cavity has a good contrast against the nodule matrix, the segmentation process is not without challenges. Notably, it is often difficult to isolate the skeleton imprint from the surrounding soft tissue imprint and the fracture of the nodule. The 3D model we present in this article is our interpretation. The 3D models produced on MIMICS were exported in binary stereolithography format. Based on those 3D models, we also reconstructed the articulated pelvic girdle of Triadobatrachus on Blender v. 2.72b (2014) . All visualisations were rendered in MeshLab v. 1.3.3 (Cignoni and Ranzuglia, 2014) .
The raw tomography data remain property of the MNHN, and they are available upon request through the 'colhelper' system (http://colhelper.mnhn.fr/). The 3D models produced and described in this study are available as the online supplementary information.
Other material examined
Besides the original fossil and the X-ray images, we studied rubber casts, as RR89 did. Several fine details on the surface of the bones can sometimes be better appreciated on the casts. We also took UV photographs of the fossil (Online supplementary information 1), but they did not reveal any novel details and will not be discussed here further.
Evolution of trunk length
We studied trunk length evolution using two traits: the number of presacral vertebrae and the ratio between the length of the presacral region of the vertebral column and the maximum width of the skull (PSL/SW ratio). Atlas and 'axis' are strictly speaking parts of the cervical region rather than the trunk, but since these two regions are not distinct in anurans, we consider all presacral vertebrae as part of the 'trunk' region in this study. The data on the number of presacral vertebrae come mostly from the literature and the observation of a few specimens (online supplementary information 2). The number of presacral vertebrae is variable within some lissamphibian species, especially caudates and gymnophionomorphs (Litvinchuk and Borkin, 2003; Lanza et al., 2010) . For example, Triturus cristatus (Laurenti, 1768) has between 13 and 16 presacrals, and elongated forms such as Proteus anguinus Laurenti, 1768 tend to have greater ranges (27-35; Lanza et al., 2010) . Therefore, here we chose to use the mode value, when available. For fossils where there is uncertainty in the number of presacrals, we used the average between the plausible values when the identity of the sacral vertebra is uncertain. Recent caecilians lack sacra and pelves altogether, so we used the pre-cloacal vertebrae instead. We selected 83 lissamphibian, nine lepospondyl, and ten temnospondyl taxa. Special care was taken to include extinct forms stratigraphically and phylogenetically close to the origin of Batrachia.
Because the elongation of centra can affect the length of the trunk, it is important to take into account body proportions as well. In order to do this, we quantified relative trunk length as PSL/SW ratio. The decision to use the width of the skull was taken because it can be approximately measured in Triadobatrachus, whereas the full length of its skull cannot be measured. Unfortunately, this precludes the direct comparison with other studies that use the more traditional trunk length/skull length ratio, but its interpretation is still relatively straightforward: low PSL/SW ratios correspond to stocky body forms, of which frogs represent the extreme because of their wide skulls in addition to their short trunks. High ratios correspond to slender body forms with long trunks; gymnophionans and many lepospondyls occupy this end of the spectrum. A few taxa with unusual body forms (e.g. Diplocaulus) can complicate this generalisation, but we believe it to be mostly valid for our sample.
Presacral region length and maximum skull width are rarely reported, so we took measurements from images of lissamphibian (n = 56), temnospondyl (n = 7), and lepospondyl (n = 6) skeletons, using Adobe Photoshop CS6 and ImageJ v.1.4. The main sources of our data are the DigiMorph digital library, photographs of specimens of the collection of comparative anatomy of the MNHN, and photographs and diagrams found in the primary literature, especially in the case of fossils. Because of the eclectic nature of our sources and their variable fidelity, these measurements represent rough estimates. A detailed account of the sources can be found in Online supplementary information 6.
Ancestral character estimation of trunk length
We estimated ancestral values for the number of presacral vertebrae of several lissamphibian and possible stem-lissamphibian clades using the fastAnc function of the R package phytools version 0.4-31 (Revell, 2012) . This function implements an algorithm of iterative rerooting and calculation of phylogenetically independent contrasts to compute ancestral value estimates that approximate the maximum likelihood solution. Direct maximum likelihood estimation could not be done because the branch length transformations that we performed (see below) yielded numerically singular variance-covariance matrices. Both the number of presacral vertebrae and the PSL/SW ratio were modelled as continuous variables.
We performed our analyses on two topologies, one representing the lepospondyl hypothesis (LH; Marjanović and Laurin, 2013) , and another the temnospondyl hypothesis (TH; Ruta and Coates, 2007) . The internal topology and branch lengths of Lissamphibia are based on the supertree of Marjanović and Laurin (2014) , with minor updates and substituting terminals for stratigraphically and phylogenetically equivalent taxa as required to match our presacral vertebrae number dataset, where required. Temnospondyl topology follows Schoch (2013) . The phylogenetic position of the amphibamid temnospondyl Gerobatrachus hottoni Anderson et al., 2008 is controversial (Marjanović and Laurin, 2008; Sigurdsen and Green, 2011; Marjanović and Laurin, 2014) ; in the phylogeny that represents the TH, we have placed it as sister to Lissamphibia as suggested by the latest major phylogenetic analysis supporting TH (Maddin and Anderson, 2008) . We also placed the albanerpetontid Celtedens ibericus McGowan and Evans, 1995 in the basal polytomy of Lissamphibia, as the phylogenetic position of albanerpetontids as either stem-lissamphibians, stem-batrachians, or sister to caudates or gymnophionomorphs is still unclear (Ruta and Coates, 2007; Marjanović and Laurin, 2008; Maddin and Anderson, 2012) .
In order to take into account the uncertainty about the divergence age estimates of the nodes of interest, we performed the analyses on five sets of divergence age estimates for Lissamphibia and Batrachia (Table  1) , taken from molecular analyses (Marjanović and Laurin, 2007; Zhang and Wake, 2009; San Mauro, 2010; Pyron, 2011) , from a stratigraphic fit on the palaeontological data only (using the method described below), and from a compromise between them all, which is close to the molecular estimates obtained by Marjanović and Laurin (2007) using optimal smoothing factors (Marjanović and Laurin, 2007 , table 2, row 3).
Other than as indicated above, the branch lengths of the trees correspond to time units as estimated from the fossil record; we used the bin_timePaleoPhy of the geoscale R package version 2.5 (Bapst, 2012) , following the criteria for building the supertree of Marjanović and Laurin (2007) : internal branches have a minimum length of 3 My and terminal branches span at least the whole oldest stratigraphic unit in which the taxon was found (setting the bin_timePa-leoPhy option add.term as TRUE). We did not assess the effect of stratigraphic uncertainty as proposed by Bapst (2013) , because preliminary tests showed the computation times for the whole analytical workflow to be prohibitive. Bapst (2014) showed that his 'cal3' time-scaling method provides less biased estimates of rates of trait evolution than the minimum branch length approaches similar to the one used here. However, we do not have the detailed stratigraphic information to calculate the three rates that his method requires. When an analysis required strictly dichotomous trees, we arbitrarily dicho tomised polytomies with zero-length branches. Table 1 . Sets of divergence age estimates. We selected six sets of divergence age estimates for the nodes Lissamphibia and Batrachia to assess the sensitivity of ancestral character estimations to different branch lengths. Set 1 is a compromise between the ages of sets 2 to 6, and it is also close to the molecular dates obtained with optimal smoothing factors by Marjanović and Laurin (2007: table 2, row 3) . Set 2 corresponds to the values obtained from a stratigraphic fit with minimal internal branch lengths set to 3 My (see Materials and methods for details). Set 3 was taken from molecular estimates of Marjanović and Laurin (2007: table 2, row 4.2) , but the divergence date of Batrachia was set to 247.2 Ma instead of their result of 246 Ma, because the original date is incompatible with the age of Triadobatrachus used in this study. The cause of this discrepancy is that the upper limit of the Olenekian is older in the latest version of the chronostratigraphic scale. Sets 4, 5, and 6 were taken from Pyron (2011 ), Zhang and Wake (2009 ), and San Mauro (2010 respectively. All dates in Ma. The maximum likelihood approximation of the fastAnc function of phytools assumes a Brownian motion (BM) model of evolution for the continuous character under the same rate of evolution along the entire tree. However, it is evident that this character follows different regimes of evolution between clades of amphibians. While there is great variability in trunk length among caudates, salientians are extremely conservative in having a very short trunk, and gymnophionomorphs have always long body forms. Models of evolution more complex than single-rate BM could better describe this variation. A plausible model, for instance, would be having the base of the tree evolving under BM and local Ornstein-Uhlenbeck regimes in the clades Gymnophionomorpha and Salientia, but we could not fit such a complex model, as explained below.
We conducted preliminary tests trying to fit our trees to Ornstein-Uhlenbeck models with multiple local attractors using the OUwie R package version 1.43 (Beaulieu et al., 2012) , but we were unable to obtain reliable results from this method (widely different parameter estimates between runs, and the values of the θ parameter were often outside the empirically observed range of variation), in part likely because of insufficient sample size. Therefore, we opted for fitting simpler multirate BM models using the brownie REML function of phytools, an R implementation of the 'non-censored method' of the program Brownie (O'Meara et al., 2006) . We fitted six models with different combinations of local rates of trunk length evolution in different regions of the tree, as indicated in Table 2 . These regions are broad, and were delimited according to the characteristic trunk length of the taxa they encompass. Table 2 . Akaike weights of rate shift models fitted to two topologies and alternative sets of divergence ages. Each rate shift model corresponds to single or multiple regions of the phylogeny that present a local rate of evolution of a trait distinct from the overall rate of the tree, or a single rate for the entire tree (1 rate). We fitted six rate shift models to the presacral vertebrae number data under LH (A) to allow different combinations of local rates for 'short-body' forms (Salientia except Triadobatrachus), for gymnophionomorphs, and for lepospondyls. Four models were fitted to the number of presacral vertebrae data under the TH (B), using the same groups as before except lepospondyls, which are not included in this tree. Because we lack measurement data for gymnophionomorphs, fewer models were fitted to the presacral length/skull width ratio data (C and D). The Akaike weights were computed using the small sample correction of the Akaike information criterion. Values indicating best fits (greater weights) are indicated in bold. Note that in all cases, the best model got an Akaike weight over 0.7. The divergence age estimates set numbers correspond to those of table 1. short, Salientia excluding Triadobatrachus; lepo, lepospondyls; gym, Gymnophionomorpha; k, number of parameters of the model. We did not evaluate different possible positions for the rate shift along each branch; instead, we arbitrarily placed the rate shift at the middle of the branch. Model fit was evaluated using the small-sample weights of the corrected Akaike information criterion (AIC), as the number of samples (terminals in the tree, in this case) was less than forty times the number of parameters in all models. When a multi-rate model was selected, we scaled the branches of the tree regions with a local rate by a factor equal to the ratio between the rate of that tree region and the rate of the rest of the tree (Reece and Mehta, 2013) to infer ancestral values. This transformation procedure produced the numerically singular matrices mentioned above.
A. NPSV LH
It should be noted that ancestral state reconstructions of ancient nodes without a dense fossil record tend to yield extensively overlapping of 95% confidence intervals of neighbouring nodes. We believe that the mean nodal estimates can provide a useful rough picture of the pattern of evolution of traits, but we made no attempt to do a formal statistical test of our hypotheses, because such a test is likely to be severely underpowered.
Systematic palaeontology
Amphibia Linnaeus 1758 Lissamphibia Haeckel 1866 Batrachia Latreille 1800 Salientia Laurenti 1768 Triadobatrachus massinoti (Piveteau 1936) 1936a Protobatrachus nov.sp., Piveteau, p.1607 . 1936b Protobatrachus Massinoti, Piveteau, p. 1804 . 1938 Protobatrachus triassicus n. sp., Kuhn, p. 8. 1962 Triadobatrachus nov., Kuhn, p. 328 -(Protobatrachus Piveteau, 1937 , non Gistl, 1848 non Probatrachus, Peters 1878 (Lehmann et al., 1959) . Late Induan -early Olenekian, Early Triassic.
Triadobatrachus is often placed in the taxon Triadobatrachidae (Kuhn, 1962) . We are aware of only one instance in the technical literature in which another species -Czatkobatrachus polonicus-has been attributed to this family: Carroll's (2007) article on the ancestry of lissamphibians. Carroll (2007: 119) cites Roček and Rage (2000a) as the authorities for that attribution, but that taxonomic opinion is found neither in Roček and Rage (2000a) , nor elsewhere in their writings. Therefore, we consider Carroll's familial attribution to be in error. Moreover, we are not aware of any phylogenetic analysis that has retrieved Triadobatrachus and Czatkobatrachus as sisters in exclusion of the rest of the Salientia (cf. Gao and Wang, 2001; Gao and Chen, 2004; Wang 2004; Dong, et al. 2013) . Thus, there is no support for a monophyletic Triadobatrachidae under Carroll's (2007) conception of the taxon. We regard Triadobatrachidae as monotypic and therefore redundant. Piveteau (1937) According to Piveteau (1937) , the fossil comes from actinopterygian-bearing beds corresponding to either level 4 or 5 of the Lower Triassic succession of the region described by Besairie (1932) . The beds are of littoral origin, but they also contain abundant continental material, including plants, suggesting regressive periods.
Geological context and age
On the basis of previous studies on the actinopterygian and stegocephalian faunas of the beds, RR89 concluded that the beds correspond to the Middle Sakamena group, to which they assigned a Gyronitian (Induan) age following Besairie and Collignon (1960) . Cosgriff (1984) studied the temnospondyl faunas of the Middle Sakamena group, and assigned them to his 'A1' faunal horizon, which is equivalent to the Lystrosaurus Assemblage Zone of the Karoo, South Africa (base of the Induan -early Olenekian). Lucas (2010) reassessed the work of Cosgriff (1984) , but he gave apparently contradicting opinions on the age of the Middle Sakamena group (cf. Lucas, 2010 p. 455 versus p. 477) . Shen et al. (2002) provide additional stratigraphic information, but they work with a different division of the sedimentary beds, citing Besairie (1972) , not Besairie (1932) . In this alternative scheme, the actinopterygian-bearing beds associated to Triadobatrachus correspond to levels 3 and 4. Shen et al. (2002) reported the finding of the conchostracan Euestheria (Magniestheria) truempyi Kozur and Seidel, 1983 , in what they believed was probably level 4 of Besairie's (1972) succession (the specimens were not collected in situ). This species was associated to a faunal turnover at the base of the Olenekian in the uppermost Bernburg Formation of the Germanic basin (Shen et al., 2002; Kozur, 2006) . The underlying level 3 bears fossils of the bivalve Claraia Bittner, 1901, which are 'undoubtedly Gandarian' (=Dienerian, late Induan) (Wignall and Twitchett, 2002; Kozur, 2006) , and the overlying level 5 bears the ammonoid Flemingites Waagen, 1892 of the early Smithian (earliest Olenekian). Thus, the uncertainty of whether Triadobatrachus belongs to level 3 or 4 sets a plausible age range of latest Induan-earliest Olenekian (Dienerian -Smithian).
Description

General appearance of the reassembled nodule
The elliptic nodule is about 12 cm in length, with protuberances surrounding the tips of the limbs of the animal. The general reddish-ochre colouration of the nodule suggests a ferruginous composition (Fig. 1) . Internally, the X-ray images (Fig. 2) show that the nodule has fine laminations, and that the density distribution of the matrix has a general concentric pattern characterised by a low-density halo in the periphery of the nodule and a gradient that progresses from high density to low density towards the centre. Dispersed within the matrix, numerous small (a few mm in maximum length and generally flattened) vacuities are found, many of which are probably moulds of gastropod shells. The second largest fossil in the nodule is a fragment of vegetal material in the dorsal part.
The imprint of the soft body is often confluent with the imprint of the skeleton, partially obscuring skeletal anatomy. The contour of the soft elements is clear only in the trunk region. Deeper into the matrix, there are no further traces of soft tissue, except perhaps a lowdensity halo around the left femur.
Skull
Exocranium
Phylogenetic bracketing indicates that praemaxillae, septomaxillae, and vomers were most likely present in Triadobatrachus, but these elements correspond to the snout region, which lies outside the nodule. Thus, they are not preserved in the fossil.
The frontoparietal of Triadobatrachus has been extensively discussed in the preceding literature. Piveteau (1937) and Watson (1941) described a longitudinal Fig. 3. Dorsal (left) and ventral (right) views of the 3D model. We warn that between presacral vertebrae VIII and XV, the precise shape and length of the ribs is very difficult to determine; our reconstruction of these ribs is generally an approximation. The red-white stripe pattern is used to shade areas where the anatomical structures were not preserved in one of the views. c, centrale; co, coracoid; ct, cleithrum; CV, caudal vertebra; d, dentary; f, femur; fb, fibulare; fi, fibula; h, humerus; i, intermedium; il, ilium; is, ischium; PV, presacral vertebra; r, radius; rd, radiale; sc, scapula; srb, sacral rib; tb, tibiale; ti, tibia; u, ulna; ul, ulnare. suture line, and thus considered this bone to be paired. For Hecht (1962) , the extent of the longitudinal line was limited to the posterior region. RR89 agreed with Hecht's observation and they concluded that this feature reflects an incomplete fusion of the frontoparietals, in accordance with their interpretation of the specimen as a postmetamorphic juvenile rather than an adult. Estes and Reig (1973) made no mention of this feature, but the frontoparietal is illustrated as a single bone in their article (Estes and Reig, 1973: fig.  1-13 ). On the 3D visualization we can observe both a median inflexion throughout the whole length of the bone, which is more pronounced in its posterior half, and a slight horizontal inflexion at the mid-orbital level. Unfortunately, no suture lines are apparent on the 3D visualization, neither between left and right portions of the frontoparietal nor between the frontoparietal and the anterior bones of the dermatocranium (viz. nasal and ?prefrontal) . Under direct examination of the fossil, the longitudinal inflexion is more evident, with a line between left and right frontoparietals. However, we are not certain that this line represents a bone suture; it might also be an artefact of the low and irregular ornamentation that is present on the entire surface of this bone. RR89 reported a pineal foramen, which is visible as a small concavity immediately posterior to an irregular elliptical structure. This foramen is also another potential artefact produced by the ornamentation pattern.
Just anterior to the prootic region, the frontoparietal bears short laminae perpendiculares ('ventral flanges', in RR89). In its posterior region, the frontoparietal has rather long lateral processes that extend over the otic capsules, reaching just over the crista parotica.
As described by RR89, a triangular, irregular structure situated anterior to the frontoparietal is probably of sedimentary origin. To the left of this structure, two triangular elements are the nasal (more medially situated) and possibly the prefrontal (more lateral, forming part of the orbital margin). There seem to be one or more cranial elements where the right nasal should be, but the preservation is too poor to allow any identification.
The parasphenoid bears a long and slender cultriform process, whose tip is not preserved. The lateral margins of the cultriform process are concave in the The red-white stripe pattern is used to shade areas where the anatomical structures were not preserved in one of the views. an, angular; cl, clavicle; ct, cleithrum; co, coracoid; col, columella; d, dentary; eo, exoccipital; fp, frontoparietal; h, humerus; las, lamella alaris squamosi; mx, maxilla; n, nasal; op, opisthotic; pa, palatine; pf, prefrontal; ph, parahyoid; po, prootic; pre, prearticular; ps, parasphenoid; pt, pterygoid; q, quadrate; sca, scapula; sph, sphenethmoid; th, thyrohyal. The line indicating the prootic in the dorsal view also indicates the epiotic eminence. sphenethmoidal region. The posterior part of the parasphenoid bears lateral alary processes, whose tips border the region that likely corresponded to the fenestra ovalis. The posterolateral angle of the left alary process seems to bear a curved notch, but this is could merely be a part that broke off.
On both sides, squamosals and pterygoids are preserved in very close contact; in some regions it is difficult to determine whether certain structures belong to one or the other. The squamosal and pterygoid of the left side were displaced anteriorly from the neurocranial articulation. The wide dorsal lamina of each squamosal (lamella alaris squamosi) has a complex form, and bears articular processes on its dorso-medial tip. A narrow, crescentic region on the antero-dorsal border of the lamella alaris squamosi features a very shallow ornamentation (barely visible on the 3D visualisations, more apparent on the fossil and the casts). Posteriorly, the lamella alaris squamosi forms a broad concave surface that is devoid of ornamentation. RR89 interpreted it as a zone of muscle insertion. The posterolateral process of the squamosals cannot be observed on the 3D visualisations, although its presence is expected because in anurans it encloses the palatoquadrate together with the posterolateral ramus of the pterygoid. It is not visible, perhaps, because in ventral view, the pterygoid lies over the region where it could have been found. On the figure 2A of RR89 there is an unidentified element (labelled '?'), which is covered by the lamella alaris squamosi in such a way that only the posterior margin of the unidentified element can be seen, running parallel to the posterior margin of the Fig. 5 . Section of a tomogram showing the symphyseal region of the dentaries (top) and the same image with a superimposed interpretative drawing (bottom). Note the medially-directed pointed structures on the left mentomeckelian ossification, which is probably fused to the dentary. The contrast of the tomogram has been enhanced for clarity. cl, clavicle; h, humerus; mmk, mentomeckelian; PV, presacral vertebra. lamella alaris squamosi. This element actually corresponds to the posteromedial margin of the pterygoid, as suggested by Piveteau (1937: fig. 7 ).
As in anurans, the pterygoids of Triadobatrachus feature three rami (Roček, 1981) : an anteriorly-directed ramus maxillaris, a postero-lateral ramus posterior (also known as the quadrate ramus), and a mediallydirected ramus interior. Additionally, there is a ventromedial process; it is prolonged by ridges that extend well onto the ramus interior and the ramus posterior ( Fig. 4 ; 3D model 1 in the on-line supplement S2). Only the base of the ventromedial process is preserved; the tip got broken off in both pterygoids. RR89 described these structures as 'deep and thin lamellae [that] extend ventrally from the rami interiores of the pterygoids', but Rage (2006) described it more clearly as a 'processus ventral du ptérygoïde, dont l'extension reste inconnue' ('ventral process of the pterygoid of unknown extension'). To our knowledge, this ventromedial process is unique amongst the Stegocephali Cope, 1868 sensu Laurin (1998) (i.e., all choanates more closely related to Temnospondyli than to Panderichthys).
A process connects the ventral surface of the left lamella alaris squamosi and the margo orbitalis of the left pterygoid. RR89 suggested that this might correspond to the posterolateral process of the squamosal, which would be fused to the pterygoid. If this is the posterolateral process indeed, then it is also possible that it was crushed against the pterygoid, and thus this contact between the two bones would be artefactual. The tomography does not settle this issue. Báez and Basso (1996) suggested that the elements that were interpreted as the rami maxillares of the pterygoid by RR89 could be quadratojugals. The 3D visualisations confirm the original interpretation of RR89.
The left palatine is a small, transversally-oriented bone visible in the anterior half of the orbit. RR89 concluded that it has probably been displaced posteriorwards. As in anurans, the palatine is edentulous.
On the casts, only the posterior ends of the maxillae are preserved, just about the border of the nodule. In addition, the tomography revealed a portion of maxilla at the anterior margin of the right orbit; a part of the lamina horizontalis may be discerned. Although the maxillae are more visible on the 3D visualisations than on the casts, there are no indications of the presence of teeth. Still, the preservation of these bones is very poor to consider this definitive evidence of lack of maxillary teeth.
The mandible is disarticulated, rotated ~170º postero-ventrally, and slightly displaced anteriorly; in the following description we refer to the normal anatomical, rather than the post-mortem, distribution of the elements. The posteriormost bones on each side of the mandible were referred to as 'praearticulars sensu lato' in RR89, as they resemble the prearticular bone of caudates in having a clear mandibular fossa. The exact homology of this bone remains unclear, and we retain their use of the name 'prearticular' here only for simplicity. It seems straightforward to consider it homologous to the so-called 'angulosplenial' bone of anurans, which is considered by some to be the angular because it develops from a single ossification centre in most anurans (Z. Roček pers. comm). However, this interpretation is complicated by the possible presence of an independent angular (see below). Further discussions on the homology of this bone should take into account the embryological evidence and the competing phylogenetic hypotheses on the origin of lissamphibians, but will remain limited by the quality of the preservation of the mandible of the fossil.
Both prearticulars show a furrow on their ventral or ventrolateral surfaces (exposed in the dorsal cast, Fig.  4 ), in which RR89 deduced that Meckel's cartilage was housed and was covered by the dentary. Lying dorsal and oblique to the left prearticular, the long element that was considered part of the prearticular in RR89 could be an angular instead. Such an angular could have been originally housed within the ventral furrow of the prearticular. The right prearticular shows a large opening in medial view, which is not present in the left prearticular (3D model 1). Therefore, it is likely damage and not an exomeckelian fossa.
The dentaries are very long, extending posteriorly far more than in most anurans (Fig. 4) . Only the ventral part of the left dentary can be directly observed on the fossil; the tomographic data allow us to make a much more complete reconstruction. Most of the dentaries are preserved as regions of slightly different density from the surrounding matrix, not as cavities in the nodule. There are no indications of the presence of teeth. The mandibular symphysis is slightly disarticulated, with the symphyseal extremities lying just ventral the sixth vertebra. Each symphyseal extremity is expanded, conical and produces a lingual projection (Fig. 5 ). These projections are probably part of the cupule formed by the mentomeckelian ossification (i.e. infrarostrals according to Roček 2003) that holds the pads of connective tissue of the mandibular symphysis in many anurans, as seen in the hylid frog Acris crepitans Duméril and Bibron, 1841 (Maglia et al., 2007: fig. 10 ) and the ranoid Thaumastosaurus gezei Rage and Roček, 2007 (Laloy et al., 2013: fig. 4E ). As these two projections are continuous with the dentaries, we hypothesise that the mentomeckelian ossification was fused to the dentaries. However, another plausible interpretation is that the lingual projection is a salient of the dentary itself. Such lingual salients are sometimes present in temnospondyls (e.g. Edingerella madagascariensis, J-C Rage pers. obs.)
Endocranium
The sphenethmoid is preserved only posterior to the planum antorbitale. Its anatomy does not differ from that of anurans. Between the sphenethmoid and the prootics, the lateral braincase walls were not ossified. The prootic foramina do not seem to have been delimited by bone.
The anatomical interpretation of the remains of the otic capsules is challenging, as left and right structures differ in their states of preservation. The following description of the otic region is mostly novel. The 3D visualisations allow us to observe that most of the left part of the endocranium has been dorsoventrally compressed postmortem. This is most evident in occipital view, as shown by the inclination of the parasphenoid with respect to the frontoparietal ( Fig. 6A and A'). The elements of the left otic capsule are also more spread than what is seen on the right side (Fig. 4) . Thus, the left otic capsule is probably crushed and disarticulated to some degree.
RR89 indicated the presence of separate prootics, exoccipitals ('occipitale laterale' in RR89) and opisthotics. The prootics are large and form the whole anterodorsal wall of the otic capsule; the epiotic eminence is clearly visible dorsally (Fig. 4) . The opisthotics are smaller and form part of the posterior wall of the otic capsule. This wall bears the ventrolateral ledge that can be found in anurans and in the Early Permian temnospondyl Doleserpeton annectens Bolt, 1969 (Sigurdsen, 2008 (Fig.  6A and A'). Sigurdsen (2008) had tentatively suggested its presence in Triadobatrachus, and we confirm it. RR89 indicated that a part of the right opisthotic was broken off. That interpretation is supported by the comparison with the shape of the left opisthotic and the presence of possible fracture marks. On the right otic capsule, a concavity is located latero-ventrally; it is delimited by walls formed by the prootic and the opisthotic, and it is bordered medioventrally by the tip of the alary process of the parasphenoid. The walls are not in Fig. 6 . Visualisations of the occipital region in occipital (A) and oblique (B) views, and corresponding interpretative drawings (A' and B', respectively). The red-white stripe pattern is used to shade areas where the anatomical structures were not preserved in one of the views. The dashed lines indicate the continuation of the parasphenoid behind the thyrohyal. col, columella; dpeo, dorsal protuberance of the exoccipital; fp, frontoparietal; oco, occipital condyle; po, prootic; ps, parasphenoid; th, thyrohyal; vll, ventrolateral ledge of the opisthotic. contact laterally, leaving an opening (Fig. 4, 3D model 1). The medial tip of the columella is placed in this opening. Thus, it is conceivable that this lateral opening formed the fenestra ovalis, although this fenestra is not limited ventrally by an osseous rim, either because the floor of the otic capsule was cartilaginous, or because the corresponding bone broke off and left no discernible trace. Indeed, a cartilaginous floor would be consistent with other signs (e.g. lack of ossification of epiphyses of long bones, see below) that the specimen was not a fully grown adult. The concavity likely housed part of the perilymphatic cistern, which could have had a cartilaginous floor. Indeed, Báez and Nicoli (2004) report a similar condition in Notobatrachus degiustoi Reig, 1956 '1955 ' in Stipaničić and Reig, 1955 (see also Báez, 1996) , and Sigurdsen (2008) indicated that the ventrolateral ledge of the opisthotic of anurans houses the posterior part of the perilymphatic cistern. On the left side, the borders of the concavity are less distinct because of the disarticulation of the elements.
A very long crista parotica extends from what we regard as the fenestra ovalis area to the tip of the lateral process of the frontoparietal. There are no indications of an operculum. Each exoccipital forms a posterior sub-triangular bone, to which the occipital condyle is attached. Each exoccipital forms a dorsal protuberance that markedly projects dorsal to the stalk of the occipital condyle (Fig. 6 ). These dorsal protuberances were illustrated on the figure 2A of RR89, where they are labelled with a question mark (direct examination of the fossil or casts does not show that these protuberances are parts of the exoccipitals). Unfortunately, the articular surfaces of the occipital condyles are barely visible. Post-mortem displacement brought the right thyrohyal against the articular surface of the right condyle. Observation of the contact between the thyrohyal and the condyle suggests that the articular surface of the condyle was not strongly convex, but seemingly flat, similar to the condition seen in Notobatrachus, if not as wide and prominently stalked (Báez and Basso, 1996) . The foramen magnum is completely indiscernible.
The 'small ovoid bone behind the posterolateral part of the left squamosal' described in RR89 as a possible quadrate can be seen dorsal to the tip of the ramus posterior of the left pterygoid (Fig. 4) .
Splanchnocranium
The hyobranchial skeleton is represented by three elements that were originally identified by Piveteau (1937) . Ventral to the parasphenoid, a small triradiate element is a parahyoid. Two long elements in the cervical region are probably thyrohyals. They are slightly curved, and wider at the extremes, with flat anterior faces. One of these elements is anteroposterorly oriented, and placed in contact with the right occipital condyle (Fig. 4) . The other one is situated between the region where the foramen magnum would be expected to be and the atlantal cotyles (Figs. 4, 6) .
The medial parts of the columellae (stapes) are preserved; they are conical and their medial faces have a central depression but they lack a visible notch (RR89). Their medial faces (the 'footplates', pars interna plectri) face ventrally, indicating that they have rotated from their anatomical position.
Axial skeleton
The vertebral column of Triadobatrachus comprises at least 26 vertebrae, which are distributed in three regions (Fig. 3) . The presacral region corresponds to the 15 vertebrae between the occiput and the sacral region, not 14 as previously reported in RR89 (see below). The sacral region comprises a single sacral vertebra. The caudal region comprises all the vertebrae that are posterior to the sacral vertebra, forming the 'tail' of the animal. The fossil preserves at least 10 caudal vertebrae that decrease in size posteriorly.
Most of the vertebral column is situated in the plane of the fracture of the nodule (Fig. 2) , except the last four (or five) caudal vertebrae, which lie in a more dorsal position. The vertebral column is relatively straight from the atlas to the presacral XIII, but it bends slightly (~15º) to the left beginning from the presacral XIV. The vertebrae posterior to the presacral III become incrementally rotated counter-clockwise around the axis of the vertebral column. Most of the ribs are disarticulated and have migrated vertically to the level of the plane of the fracture of the nodule. The presacral ribs are well preserved in the cervico-scapular region, but posterior to that, their preservation is very poor and their length cannot be estimated. Their tips may have been cartilaginous. Note that their reconstitution on the 3D visualisations is very tentative; we intend to give an idea of their position more than a precise estimate of their size and shape.
The general morphology of the vertebrae of Triadobatrachus is simple. The centra are cylindrical and biconcave (amphicoelous). The dorsal portion of the neural arch is robust, not very high and has a slightly slanting lateral profile. The posterior part of the neural arch is very thick; it projects posteriorly and overlaps the anterior part of the following vertebra. In terms used in anuran anatomy, the neural arch is of the imbricate type. The dorsal portion of the neural arch has three low longitudinal ridges: an easily discernible sagittal ridge, which is a poorly developed neural spine, and two lateral ridges, which are not always evident. All three ridges extend up to the posterior part of the neural arch. The transverse processes always project laterally, and their articular surfaces are oval. Prezygapophyses and postzygapophyses are present, but the latter are not marked off from the posterior part of the neural arch. The notochordal canal might have remained open, but it is obscured by the type of preservation. It is clear that the notochordal canal remained open at least in the last caudal vertebrae (Fig. 8) .
Presacral region
On the casts, a single incomplete neural arch in dorsal view appears in association with the first two vertebral centra visible in ventral view. RR89 interpreted this as the presence of a single atlas with a centrum comprised of two parts. A lateral view of 3D model 1 reveals that in fact these elements correspond to two distinct vertebrae: a small atlas with a dorsoventrally flattened centrum and a dorsally open neural arch comprising only the pedicels, and an axis with a very robust neural arch (Fig. 7) . The atlas is in very close contact with the axis by the zygapophyseal articulation. The neural arch of the atlas bears small postzygapophyses on its posterior margin; there is no dorsal osseous neural lamina, i.e. no bony roof. There are no indications of transverse processes on the atlas. The neural arch of the axis projects anteriorly; it inserts between the pedicels of the atlas and thus compensates for the absence of the roof of the showing the pelvic girdle, the sacral vertebra and the caudal vertebrae. There are 10 or 11 caudal vertebrae; the number of terminal elements is unclear. The arrows in both images indicate caudal vertebrae VI to X (or XI). crb, caudal rib; f, femur; il, ilium; is, ischium; sr, sacral rib. The rough texture of the ventral part of the centrum in ventral view corresponds to a low-density region in the nodule matrix that was segmented manually. The red-white stripe pattern is used to shade areas where the anatomical structures were not preserved in one of the views. The dashed lines in the drawings indicate reconstructed parts. cat, atlantal centrum; cax, centrum of the axis; cot, cotyle; nar, neural arch of the axis; pzp, postzygapophysis of the atlas; ?, element of unknown identity previously identified as a rib.
atlantal neural arch. The lack of bony neural lamina is a normal feature of immature anurans, in which the neural arch has a cartilaginous roof instead. In the case of the atlas of Triadobatrachus, the cartilaginous roof, if present, would be limited to the most anterior part of the neural arch of the atlas only, as the anterior projection of neural lamina of the axis roofs most of the neural arch of the atlas already.
The small articular surfaces between the postzygapophyses of the atlas, formed by the posterior edges of the pedicels, and the prezygapophyses of the axis are visible in lateral view, mainly on the right side. RR89 misinterpreted the dorsal areas of the atlantal postzygapophyses as 'small distinct areas that took part in the craniovertebral articulation'; the 3D renderings show that there is nothing in the occiput that could have participated in such an articulation (3D model 1, Fig. 4) .
In ventral view, the centrum of the atlas has roughly the shape of an isosceles trapezium, with the anterior face being the widest. The surface of the anterior face of the atlas is difficult to interpret because the gap left by the fracture of the nodule is wide in this region. The dorsolateral parts of both atlantal cotyles are well preserved but their ventromedial areas are poorly discernible, because the limits are either damaged (right cotyle) or concealed by elements that are likely artefacts (left cotyle). The cotyles are somewhat elongate; their main axes are oblique and seemingly confluent with the main body of the centrum. Apparently, their surfaces are only slightly concave, which is consistent with the observed morphology of the occipital condyles. The ventral border of the anterior face of the centrum slightly protrudes anteriorly in the sagittal plane. It is not possible to state whether the protruding part results from the juxtaposition of the two cotylar rims or if it is formed by the main body of the centrum (the cotyles being separated). The first case would resemble the Type IIIA cotylar configuration of Púgener (2002), albeit with more rounded cotylar faces, whereas the second case would resemble Púgener's cotylar Type IIA, but with more rounded cotylar faces and a significantly higher anterior face of the centrum. Type I, in which the cotyles are widely separated, may be discarded. In any case, it is clear that the atlantal centrum is not as reduced as it is typical of type III atlantes, and that the cotyles do not markedly protrude anterior to the main body of the centrum, unlike the typical condition of lissamphibians.
The ventral part of the axis looks broken upon the examination of casts, but a good part of it has in fact been preserved as a zone of lower density in the matrix, which we were able to recover by manual segmentation (3D model 1). Thus, we confirm that this vertebra was amphicoelous, and that its centrum was at least as high as that of the following vertebrae. The anteroposterior length of the centrum is difficult to determine, as it is evident that the anterior and posterior parts are incomplete; the preserved segment is rather short. As mentioned above, the neural arch is very robust, and wider than that of the following vertebrae. Also, unlike the other vertebrae, the dorsal profile of the neural arch is rather horizontal (as opposed to sloping) in lateral view (Fig. 7) . The axis does not show indications of transverse processes either.
Two elements left of the atlas-axis complex and one right to it (Fig. 4) , were interpreted as fragments of bicapitate atlantal ribs by RR89. The two left elements were interpreted as fragments of the same rib. The anterior element is long, slender, and slightly curved. The posterior element is longer, also slender, but slightly thicker and bearing a small bifurcation at its anterior end. The right element is markedly shorter, more robust, and has an overall Y-shape. These differences cast doubt on the homology between left and right elements. Furthermore, as visible on the 3D images, the lack of transverse processes or lateral articulations on the first two vertebrae is at odds with the possible presence of ribs in this region. Thus, we question RR89's interpretation of these elements as ribs of the cervical region. They might be parts of the hyobranchial apparatus but this cannot be confirmed.
In the third and fourth presacrals the posterior part of the neural arch is markedly elevated over those of the rest of the presacrals, because the third and fourth vertebrae have been tilted ventrally in the sagittal plane. A small semilunar element is placed anterior to the third presacral, visible in ventral view in the space between the centra II and III. RR89 proposed that it could be a fragment of intervertebral disc, or maybe an articular surface that got detached from the third presacral, the second option implying the third presacral would be opisthocoelous. However, on 3D model 1, the anterior face of the centrum of the third presacral is visible and it is clearly concave. We may propose a third interpretation: the semilunar element could be a fragment of the centrum of the axis. The right rib remains articulated with the transverse process. The left rib has been disarticulated and slightly displaced posteriorly. Both ribs are unicapitate.
The presacral IV (i.e., third vertebra of RR89) was described as 'not very long' by RR89. That could be the case, but the length of the centrum is uncertain, as its ventral surface is obstructed by the right clavicle, and laterally by the scapulae. On the casts, the posterior part of the neural arch appears damaged and very short, but a good portion of it was preserved in the nodule matrix and could be recovered by manual segmentation. The reconstructed posterior part is longer than may be seen on the casts but it is shorter than in the more posterior vertebrae of the region. It is clear that this vertebra is disarticulated and ventrally tilted in the sagittal plane, as its postzygapophyses are disarticulated from the prezygapophyses of the fifth vertebra (Fig. 4, 3D model 1) . The ribs of the fourth vertebra are the longest fully discernible ribs of the skeleton. The neural arch of the presacral V is longer than in more anterior presacrals. From here and to the sacrum, the vertebrae feature roughly the same generalised morphology described above.
Sacral region
The sacral region was already well known. The sacral vertebra is short and its neural arch is narrow. The sacral ribs are robust, long, and curved posteriorwards in such a way that the posterior three quarters of their length are parallel to the anterior rami of the ilia. If that is their natural position, this would indicate a type of sacroiliac attachment that is not known in other salientians.
Caudal region
At least 10 caudal vertebrae are arranged in continuity after the sacrum (Fig. 8) . The last four or five of these vertebrae were not previously known. The neural arches of these vertebrae are progressively smaller. After the caudal VI the neural arches are no longer closed dorsally. Distinct transverse processes can be seen up to the caudal V. Yet, a single pair of caudal ribs is visible. As remarked by RR89, it is not possible to determine to which vertebrae they were attached, or if they reached the ilia or sacral ribs laterally.
It is not possible to ascertain to what extent the fragmentary state of the last four or five caudal vertebrae is the result of the fossilisation process, or the reflection of the developmental state of the specimen. The preserved elements seem to be arranged around a tubular structure (now missing). However, whether that structure corresponded to the neural tube or the notochord is not clear, so the aforementioned elements could correspond either to the neural arches or the centra. Furthermore, it is not clear to us whether there are one or two vertebrae after the caudal IX (Fig. 8) .
Appendicular skeleton
Shoulder girdle and forelimbs
As noted by RR89, the elements of the shoulder girdle are disarticulated, displaced, and some are broken.
On each side of the vertebral column, a large and flat anterior element, and a smaller and flat posterior element are separated by a gap not much longer than a vertebra in ventral aspect. These elements correspond to the scapula and the coracoid, respectively. They were interpreted as scapula and coracoid (distinct ossifications) by RR89, and as the scapular and coracoidal portions of a single scapulocoracoid bone by Borsuk-Białynicka and Evans (2002) .
As seen on the ventral view of the fossil, the preserved part of the right scapula is strikingly anuranlike. More specifically, the dorsal part of the scapular blade (pars suprascapularis) expands anteroposteriorly, whereas the glenoid area does not markedly extend posteriorly. Incidentally, the scapula assigned to Czatkobatrachus, the only other known Triassic salientian, seems markedly different in that the preserved portion of its pars suprascapularis is slenderer and features a modest dorsal expansion much more distally (BorsukBiałynicka and Evans, 2002) .
The dorsal tips of both scapulae have rotated laterally, which exposes the medial surfaces of these bones in dorsal view (Fig. 4, 3D model 1) , with the elements of the glenoid area exposed ventrally in the region between vertebrae III-VI. The lateral face of the right scapula of Triadobatrachus is exposed and the pars suprascapularis, pars acromialis and the anterolateral rim of the glenoid articular facet are clearly apparent. The pars glenoidalis cannot be distinguished. The overall shape of the scapula, with a dorsally expanded pars suprascapularis and a markedly concave anterior border, is similar to that of most anurans. More specifically, it surprisingly matches the elongate morphotype that is not encountered in 'archaeobatrachians' (paraphyletic assemblage comprising Leiopelmatidae, Alytidae, Pipidae, Palaeobatrachidae) (Vullo et al., 2011) . There is a furrow along the dorsal margin of the pars suprascapularis, which likely served for the attachment of a cartilaginous suprascapula.
In Triadobatrachus, Borsuk-Białynicka and Evans (2002) tentatively identified a supracoracoid foramen on the posterior border of the scapula, and a supraglenoid foramen more dorsally on the same border. In 3D model 1, the former is probably present, and the latter cannot be directly discerned, but the right scapula does bear a deep vertical cleft similar to the one that houses the supraglenoid foramen in Czatkobatrachus (Borsuk-Białynicka and Evans, 2002) . The corresponding area is obscured on the left scapula. According to Borsuk-Białynicka and Evans' (2002) interpretationwhich was derived from comparisons with Czatkobatrachus, -the glenoid area was present somewhere in the gap between the scapular and coracoidal portions, and the distribution of the elements in the fossil specimen derives from the rotation and backward migration of the coracoidal portions. That interpretation is partially supported by two identifications that we could corroborate: the presence of the supracoracoidal foramen, which is topographically close to the glenoid cavity in the plesiomorphic condition of the Anura (Borsuk-Białynicka and Evans, 2002) , and the postglenoidal border of the coracoidal portions. However, while those features support the topographical relations proposed by Borsuk-Białynicka and Evans (2002), they do not suffice in our opinion to support the hypothesis that there was a unified scapulocoracoid that got broken into two parts. For example, instead of being co-ossified, the two elements could have been connected by a loose suture, as is frequent in anurans, or by cartilage (Havelková and Roček, 2006) .
Ventral to the presacrals III and IV (and V, partially), there are two long parallel elements that probably correspond to the right clavicle broken into two parts. The posterior and smallest of these two elements has been reconstructed in figure 4B ; on the casts only a small rounded portion of it is visible. With the addition of this fragment, the reconstituted clavicle is more robust than in RR89 and Borsuk-Białynicka and Evans (2002) . Another long element can be found under the left scapula and against the prearticular (Fig. 4) ; it is probably the left clavicle. The cleithra, flat and long, are slightly displaced but they still overlap the scapulae dorso-anteriorly (Fig. 4) .
The forelimbs were described in detail by Sigurdsen et al. (2012) ; here they will be treated more generally. The stylopodia and zeugopodia do not show ossified epiphyses. The humeris is cylindrical and gently sigmoid, with a clear deltopectoral crest. On the distal extremity, the gap between the entepicondyle and the ectepicondyle suggests the presence of a large capitulum (Sigurdsen et al., 2012) , which was not preserved; it was likely cartilaginous as is the case in salamanders or largely cartilaginous as in the Early Jurassic salientian Prosalirus. The radius and the ulna are unfused, and shorter than the humerus. Their transversal sections are oval at the extremities of the bones, and circular at the mid-diaphysis. The ulna is slightly sigmoid. The carpal elements are present on both sides; a proximal row includes the intermedium and probably the radiale and ulnare, whereas a more distal bone represents the central 4 or 3. RR89 observed two distal bones on the casts; they interpreted them as the central 4 and possibly the central 3. However, a single bone is visible on figure 3 . No prepollex is visible.
Pelvic girdle and hind limbs
The pelvic girdle has undergone a post-mortem anterior shift with respect to the sacral vertebra and ribs. It is formed by the ilia and the ischia; there are no traces of pubes, which were probably cartilaginous as in most anurans. The two (right and left) halves of the pelvis have been separated and they rotated so that their medial surfaces are now exposed dorsally. The ilium is oriented anteroposteriorly, and bears a dorsal tuber and a long anterior shaft (approximately of the length of the centra of three presacral vertebrae). This anterior shaft does not bear a dorsal crest. As mentioned in RR89, the tip of the anterior shaft is deeply concave (lacking a periosteal surface), suggesting that it was capped or prolonged by cartilage. The acetabulum is clearly visible on the ventral view of the fossil. The ischium is sub-triangular and somewhat elongate anteroposteriorly.
In the reconstruction of RR89, ilia and ischia appear articulated in a fashion typical of anurans, with the two ischia in parasagittal orientation and in full contact between each other by their medial faces. However, the medial face of the ischium is not flat enough to allow that configuration: its anterior region is concave and its posterior region is convex (Fig. 9D) . Furthermore, the anterior shaft of the ilium is not as curved as seen in the reconstruction of RR89, making it impossible to accommodate the sacral ribs between them if the medial faces of the ischia were entirely in contact.
From our attempts to make a re-articulation of the basin based on 3D model 1, a feasible range of articulation of the pelvic elements becomes apparent (Fig. 9) . It goes from ischia in parasagittal orientation and articulated to each other by a thick pad of connective tissue (Fig. 9B, 3D model 2 in online supplementary information S3), to ischia in ventro-parasagittal orientation and articulated to each other by their ventromedial margins, as seen in caudates (Fig. 9A, 3D model 3 in online supplementary information S4). The orientation of the ilia would vary accordingly. In the first case ('narrow configuration'), the acetabula would be oriented laterally and the sacral ribs would likely lie dorsal to the anterior shafts of the ilia. In the latter case ('broad configuration'), the acetabula would face latero-ventrally, and the sacral ribs could lie dorso-medial to the anterior rami of the ilia. Furthermore, the posterior margins of the medial faces of the acetabular areas lack any trace of contact with each other, supporting a loose attachment between the two ilia, as is seen in urodeles (Gardner et al., 2010) .
Our re-articulated basin models are also compatible with the presence of a gap between the ilium and the ischium at the ventral margin of the acetabulum (Fig.  9C) . That feature is present in anurans, in which it corresponds to the placement of the cartilaginous pubis. However, we should warn that the anterior margin of the ischia and the ventral tips of the pars descendens of the ilia are partially obscured because of overlapping in the fossil, adding uncertainty to the re-articulation models.
The femur is long, slightly sigmoid, and lacks any crests or distinct processes. The proximal epiphysis are not present; they were probably cartilaginous. The Fig. 9 . Reconstructions of the pelvis illustrating a plausible range of articulations of the pelvic bones. A, dorsal, ventral, and posterior views of a 'broad' pelvis reconstruction in which the contact between the ischia is ventromedial (as in caudates) and the sacral ribs can lie mediodorsal to the iliac shafts. In the posterior view the slightly ventral orientation of the acetabulum is shown by blue bars orthogonal to the plane of the rim of the acetabulum. In B, the corresponding views show a 'narrow' pelvis reconstruction where the contact of the ischia is more extensive; in this reconstruction, the space between the iliac shafts is narrower, and the sacral ribs lie completely dorsal to the shafts. As in anurans, the projection of the acetabulum is mostly horizontal. However, unlike in anurans, the contact between the ischia cannot be close, because their medial faces are not flat. C shows lateral right views of the 'broad' (top) and 'narrow' (bottom) reconstructions. The posterior caudal vertebrae have been rearranged for aesthetic purposes, but the vertebral column has not been altered otherwise. The isolated left ischium is shown in D, in medial (top) and ventral (bottom; medial side facing up, lateral side facing down) views. Note the concavity in the anterior region of the medial face of the ischium, visible in medial view, and the convexity of the posterior region of the medial face, visible in ventral view. This prevents full contact between the medial faces of the two ischia. The red-white stripe shading is used to indicate areas where the anatomical structures were not preserved. dorsal half of the distal end of the right femur is preserved, and suggests that the distal epiphyses were cartilaginous as well. The zeugopod is shorter than the femur (whereas it is longer or sub-equal in the Anura), and is formed by separate tibiae and fibulae. The right tibia and fibula are almost completely preserved; they are more flat than the femur, especially the tibia. The proximal and distal epiphyses are missing. As in the femora, they were probably cartilaginous. A faint trace of the left tibia is preserved in dorsal view. The four tarsal elements of the right extremity described by RR89 are well exposed; these include the relatively long tibiale and fibulare, the intermedium (displaced and located between the extremities of the tibia and fibula), and the central 4 (displaced too, located against the intermedium). A small portion of the tibiale seems to have been detached. Another possible tarsal element is found left to the fibulare, but only a small fragment of it has been preserved and its shape cannot be clearly ascertained; it may be a central or a metatarsal, if it is a bone at all. There is no evidence of a prehallux.
Ancestral character estimation
Rate shift model selection
We fitted up to six BM rate shift models on trees reflecting the lepospondyl and the temnospondyl hypotheses (see methods section and Figs. 10 and 11), each with branch lengths adjusted to six sets of divergence age estimates ( Table 2 ). The best fit (Akaike weights over 0.99) for the number of presacral vertebrae was obtained under all divergence age sets and under both topologies (LH and TH) with the model with the greatest number of parameters (corresponding to the models with more local rate partitions). The PSL/SW ratio data was best fitted under all divergence age sets and both topologies (LH and TH) by the model with a local rate for the 'short-body' forms (in addition to a background rate), with Akaike weights over 0.72. In all the analyses the single-rate model had very low Akaike weights. We did not fit models including local rates for gymnophionomorphs to our PSL/SW ratio data, because we do not have measurements of this group.
As expected, in all the analyses, salientians show lower relative rates of evolution (under 0.01 times the global rate of the tree), which coincides with their high conservatism of short-trunked proportions and presacral vertebral count. On the other hand, we found that lepospondyls and gymnophionomorphs evolve the number of presacral vertebrae at a rate over an order of magnitude higher than the global rate of evolution of that trait.
Estimation of ancestral number of presacral vertebrae
The estimated number of presacral vertebrae for various nodes is summarised in Table 3 and Figs. 10 and 11. Rounding off to the nearest integer (which is appropriate because vertebrae are discrete elements), caudates and salientians have an estimated ancestral value of 14-15 presacrals (~12-18 taking the 95% confidence intervals into account). (Note that as Caudata and Salientia are sister total-groups, they both share the same ancestral node. For convenience, when we report the ancestral value of a character of a total group, we actually refer to the value corresponding to the first divergence within that total group according to the specific tree under discussion.) The ancestral value of batrachians is of 15 to 16 presacral vertebrae in all the analyses except those assuming the TH and the divergence age sets 4 and 6, which imply the oldest geological ages. In those cases, the estimated value is 19 and 18, respectively. The estimated ancestral number of presacral vertebrae of batrachians under the TH is always greater than the corresponding estimates under the LH. These results are counterintuitive, given that the putative lepospondyl ancestors of lissamphibians would have significantly longer trunks than temnospondyl ancestors. The explanation for this apparent paradox is that our analyses found that trunk length evolves significantly faster in lepospondyls than in most lissamphibians. As high rates of evolution result in branch scaling by big factors (in the range of 49-132), the scaled branch connecting lepospondyls with lissamphibians becomes exceedingly long, diminishing dramatically the influence of lepospondyls in the estimation of the ancestral values of the few most basal lissamphibian nodes. In addition to this, the last common ancestor of Gerobatrachus and lissamphibians under the TH is inferred to have been much more recent (mid-Cisuralian, using our settings to time-calibrate the trees) than the last common ancestor of Brachydectes and lissamphibians under the LH (midPennsylvanian), because of the geological age of the relevant taxa, and this exacerbates the difference in influence that temnospondyls and lepospondyls have over the ancestral vertebral number for Lissamphibia and Batrachia. Gerobatrachus has 17 presacral vertebrae, which is one to three vertebrae fewer than the ancestral estimate for lissamphibians in five out of six of our analyses under the TH. This suggests a small degree of parallel reduction, but also fits nicely within the 95% confidence intervals of those estimates. The ancestral value estimate for lissamphibians was more variable between topologies and divergence age sets, but they were in all cases equal or up to four vertebrae greater than the ancestral value estimated for batrachians.
The mean estimates of all the analyses, except those done under the divergence age sets 4 and 6, support the hypothesis that the number of presacral vertebrae of Triadobatrachus was close to the ancestral condition of caudates and bratrachians, all of these taxa exhibiting a low number of vertebrae apparently resulting from a phase of presacral vertebral number reduction in the early evolution of batrachians. However, as expected, there is extensive overlap of 95% confidence intervals between parent and child nodes.
The ancestral value estimates for the internal nodes of Caudata and Salientia were virtually the same in all the analyses (when rounded off to the nearest integer). Fig. 10 . Ancestral value estimations of the number of presacral vertebrae under LH and set 1 of divergence date estimates. Numbers at the terminal items indicate the observed number of presacral vertebrae. Numbers next to the internal nodes indicate the inferred number or presacral vertebrae, with decimals rounded-off. Internal nodes without a number have the same value as their parent node. The colours indicate the regions of the tree with different rates of evolution of the trait. The region with the global rate is in grey, the region with the rate of gymnophionomorphs is in blue, the region with the rate of lepospondyls is in green, and the region with the rate of 'short-body' forms (salientians excluding Triadobatrachus) is in red. The tree is taken from the literature, from several sources: extinct lissamphibians follow Marjanović and Laurin (2014) ; lepospondyls follow Vallin and Laurin (2004) . Taxonomic sampling reflects to a large extent availability of the data (some clades, such as sooglossids, could not be included because we lacked the required data). Table 3 . Ancestral character estimates of selected nodes. We report the result of ancestral character reconstruction of presacral vertebrae number (A and B) and presacral length/skull width ratio (C and D), using the best-fit models across the six different sets of divergence dates and the two alternative topologies (LH and TH). Note the uniformity of the estimates of salientians and caudates. 95% confidence intervals reported between parentheses. For comparison, the presacral length/skull width ratio of C. PL/SW LH 1 2.9 (0.9-4.8) 2.1 (0.7-3.5) 1.8 (0.8-2.9) 2.3 (1.2-3.4) 2 2.2 (0.7-3.6) 2 (0.8-3.3) 1.9 (0.8-3) 2.3 (1.2-3.4) 3 2.4 (0.8-4.1) 2 (0.8-3.3) 1.9 (0.8-2.9) 2.3 (1.2-3.4) 4 3.4 (1.6-5.3) 2.9 (1-4.9) 1.8 (0.7-2.9) 2.3 (1.2-3.4) 5 3.2 (1.2-5.3) 2.2 (0.6-3.7) 1.8 (0.7-2.9) 2.3 (1.2-3.4) 6 3.7 (1.9-5.5) 2.8 (0.8-4.9) 1.8 (0.6-2.9) 2.3 (1.2-3.5)
◀
D. PL/SW TH 1 2.1 (0.8-3.3) 1.8 (0.6-3) 1.7 (0.8-2.6) 2.3 (1.3-3.3) 2 1.9 (0.7-3.1) 1.9 (0.8-2.9) 1.8 (0.8-2.7) 2.3 (1.3-3.3) 3 2 (0.7-3.4) 1.8 (0.8-2.9) 1.7 (0.8-2.7) 2.3 (1.3-3.2) 4 2.1 (0.8-3.4) 2 (0.4-3.6) 1.7 (0.7-2.6) 2.3 (1.3-3.3) 5 2.1 (0.8-3.4) 1.8 (0.5-3.2) 1.7 (0.7-2.6) 2.3 (1.3-3.3) 6 2.1 (0.8-3.5) 2 (0.3-3.7) 1.6 (0.7-2.6) 2. Estimation of ancestral presacral length/skull width ratio
The ancestral value reconstructions of the presacral vertebral length/skull width ratio of caudates are close to 2.3 in all the analyses (Table 3) . The corresponding values for salientians are slightly lower under TH (~1.7) than LH (1.8 -1.9). The ancestral value for batrachians is more variable, ranging from 1.8 to 2.9. The estimates of the ancestral values of salientians range from 95% to 62% of the corresponding ancestral condition of batrachians, the lowest value being obtained under LH and divergence age sets 4 and 6. However, the other divergence age sets suggest that during early salientian evolution the relative trunk length was either unaltered or only moderately reduced (by no more than 15%, compared to the over 50% of Anura). This degree of reduction (to a mean ratio of 1.7-1.9) does not seem to require a particular explanation because more drastic reduction is observed in other early lissamphibians, such as the Jurassic caudate Karaurus sharovi Ivakhnenko, 1978 (presacral length/skull width ratio of 1.3). As with the reconstruction of the number of presacral vertebrae, there is extensive overlap between the 95% confidence intervals of all the focal ancestral estimates. An opposite trend is observed in the estimates of the ancestral condition of caudates, which range from being 1.1 to 1.3 times greater than the corresponding ancestral batrachian condition, except for the LH estimate under the divergence sets 4 and 6, under which the estimated value is about 0.8 times smaller. The ancestral value estimates for batrachians were in all cases smaller than the ancestral estimates for lissamphibians.
As seen in the reconstruction of the number of presacral vertebrae, the ancestral value estimates of nodes crownward from Batrachia were virtually identical between all analyses.
Discussion
An overall picture of our re-interpretation of Triadobatrachus is given in Fig. 12 . Our major new anatomical findings can be summarised in the following list. 1) Presence of either mentomeckelians or a lingual process of the dentary similar to that found in some temnospondyls. 2) Possible presence of a discrete angular. 3) Presence of dorsal protuberances of the exoccipital. 4) Confirmation of the presence of a ventrolateral ledge of the opisthotic. 5) What was previously identified as an atlas with a double centrum actually corresponds to two distinct vertebrae: atlas and axis. 6) The atlas does not bear a bony roof (neural lamina), but its neural arch is partially completed by an anterior expansion of the neural arch of the axis. 7) There are no transverse processes on the atlas and axis. Hence, the 'cervical ribs' reported in RR89 were misidentified. 8) Weak contact between the two ilia (plesiomorphic relative to anurans). 9) Absence of complete contact between the medial faces of the two ischia. 10) Four or five previously unreported additional caudal vertebrae. 11) From (5) and (10), the updated vertebral formula of Triadobatrachus is 15 presacrals, 1 sacral, 10 or 11 caudals.
The particular findings on the craniocervical and caudopelvic regions merit more detailed discussion.
Craniocervical region
The interpretation of the craniocervical region we offer here shows major departures from RR89's. The atlas does not have a bipartite centrum, and it does not bear cervical ribs (the homology of the structures previously identified as cervical ribs remains undetermined, although they could belong to the hyoid apparatus). In our examination, the craniocervical region shows other peculiar features instead.
The vertebral column of tetrapods is characterised by the differentiation of the vertebrae involved in the craniocervical articulation. The atlas is universally differentiated within the group; it bears the cotyle that Fig. 11 . Ancestral value estimations of the number of presacral vertebrae under TH and set 1 of divergence data estimates. As in Fig.  10 , numbers at the terminal items indicate the observed number of presacral vertebrate. Numbers next to internal node indicate the inferred number of presacral vertebrae, rounded-off to the nearest unit. Internal nodes without a number have the same value as their parent node. The colours indicate the regions of the tree with different rates of evolution of the trait. The region with the global rate is in grey, the region with the rate of gymnophionomorphs is in blue, and the region with the rate of 'short-body' forms (salientians excluding Triadobatrachus) is in red. Temnospondyl phylogeny reflects Schoch (2013) . For more information, see the legend of Fig. 10 . , and the skull in ventral view (C). A few cartilages have been reconstructed (in grey) for illustration purposes only; the actual size and shape of the suprascapula is unknown. The position and orientation of the clavicle and the cleithrum are uncertain. This reconstruction features a 'broad' pelvis, with the contact between the ischia limited to their ventral margins, and the sacral ribs resting mostly between the iliac shafts. The pectoral girdle reconstruction B1 features a compact configuration similar to that of Czatkobatrachus (Borsuk-Białynicka and Evans, 2002) , in which the glenoid is oriented more laterally. Reconstruction B2 features a configuration closer to that of extant anurans. Note that a hypothetical stylar process has been added to the columellae, and that we made no attempt to reconstruct the ventromedial process of the pterygoid, as we have no anatomical equivalents in other amphibians to base a reconstruction upon. an, angular; cl, clavicle; co, coracoid or coracoidal part of the scapulocoracoid; crb, caudal rib; ct, cleithrum; d, dentary; eo, exoccipital; il, ilium; is, ischium; mmk?, mentomeckelian or lingual process; mx, maxilla; n, nasal; op, opisthotic; pa, palatine; pf, prefrontal; po, prootic; pra, prearticular; ps, parasphenoid; ript, internal ramus of the pterygoid; rmpt, maxillary ramus of the pterygoid; rppt, posterior ramus of the pterygoid; sca, scapula or scapular part of the scapulocoracoid; ssc, suprascapula; sph, sphenethmoid; sr, sacral rib; th, thyrohyal; q, ?quadrate; vppt, ventral process of the pterygoid.
articulates with the occipital condyle. The differentiation of the tetrapod axis is more variable in type and degree, but it often features a large neural spine and a special articulation with the atlas. In batrachians, however, this kind of differentiation of the second vertebra is virtually absent. Triadobatrachus is an exception here, as atlas and axis form a complex in which the anteriorly expanded neural spine of the axis roofs the otherwise dorsally open neural arch of the atlas. We are unaware of previous reports of the axial spine roofing the atlantal arch in other vertebrates, even though the atlantal arch is paired and the axial arch is expanded in many Permo-Carboniferous stegocephalians, and that the lack of a bony neural lamina is a common feature of immature anurans. The condition in Triadobatrachus may have arisen through an anterior expansion of the axial arch, from a fairly primitive stegocephalian condition.
The atlas-axis configuration of Triadobatrachus could be either autapomorphic or ancestral to salientians, and maybe batrachians. New fossil findings are needed to assess its phylogenetic significance.
Another peculiarity of Triadobatrachus among salientians is the presence of a dorsal protuberance of the exoccipital. We were unable to find clear homologues or even analogues of this structure in other lissamphibians or in Paleozoic tetrapods. There is the possibility that this structure did not in fact protrude on the external surface of the skull, for instance, if the exoccipital was more robust than the surrounding bones and was pushed out as the skull was crushed into the horizontal plane. Evidence exists of the compression of the left side of the skull (Fig. 6A) , and the left exoccipital has clearly rotated towards the horizontal plane, as the surface of its condyle is not in the same plane as the surface of the right condyle (which seems wellpositioned for the articulation with the atlantal cotyle). We find, however, no clear indications of displacement of the right exoccipital. Sadly, the medial region of the occiput of Triadobatrachus is poorly preserved. If this external protuberance was not an artefact, its role, if any, remains enigmatic and possibly autapomorphic.
Caudopelvic region
We have shown that some features of the pelvic girdle of Triadobatrachus were probably more primitive than previously assumed. The contact between both ischia was not as close as in anurans, and the posterior parts of the ilia were probably even further apart from each other than in anurans. It is likely that the pelvis of Triadobatrachus was more loosely built than the specialised compact unit of anurans. Moreover, if the arrangement of the pelvic bones was closer to our reconstructed 'broad configuration', the orientation of ilia and ischia in the transversal plane would resemble the plesiomorphic condition of tetrapods, as seen in salamanders. Correspondingly, the orientation of the hind limbs would likely not be completely horizontal as it is common in anurans, but with a distinct ventral component.
It should be noted that as the fossil has been flattened, there is also uncertainty in the inclination of the pelvic girdle relative to the body axis. Our reconstructions were based on the position of the sacral ribs as seen in the fossil, and thus the anterior shaft of the ilium descends at an angle of about 30º. This angle is often greater in adult anurans, and more so in early ontogeny (Ročková and Roček, 2005) .
In contrast to those seemingly more plesiomorphic traits, there is no trace of the pubis of Triadobatrachus, whereas an ossified pubis is regarded as plesiomorphic within the Anura, as it is present in Ascaphus, Leiopelma, and pipids (Ročková and Roček, 2005) . The lack of ossified pubis in Triadobatrachus could be homoplastic, or a consequence of the state of maturity of the specimen.
The caudal region of Triadobatrachus has long been thought to have had more vertebrae than were apparent by direct observation of the fossil (e.g. RR89). Here we reported the first evidence of that. The size and shape of the most posterior vertebrae seen in the specimen are concordant with what could be expected of the actual terminal or sub-terminal vertebrae; it is likely that what we report here is the entire, or almost entire caudal region of Triadobatrachus. Such a caudal region may not have protruded posterior to the ischia and may thus not have been visible externally (i.e., Triadobatrachus would have lacked a 'proper' tail), contrary to previous depictions in the technical (e.g. RR89: fig. 5 ) and popular literature. However, this cannot be regarded as certain.
If one assumes that the last caudal elements are mostly well-preserved, then these somewhat resemble the caudal vertebrae of the tadpoles of several megophryid species, which are resorbed during metamorphosis as most recently described in detail by Handrigan and Wassersug (2007b) . Indeed, Griffiths (1956; 1963) argued that the caudal vertebrae of Triadobatrachus were to be resorbed, as seen in the development of Megophrys major (Boulenger, 1908) , concordantly with his hypothesis that the holotype of Triadobatrachus was a late metamorph rather than in a later ontogenetic stage. Accordingly, the moderately elongated ilia and the proportions of the limbs would reflect an early developmental stage rather than primitive character states.
If our new observations are taken to support Griffiths' analogy between the caudal portions of Triadobatrachus and Megophrys larvae, the interpretation of Triadobatrachus as a late metamorph remains problematic. RR89 disputed it by pointing out several features in Triadobatrachus that are observed in postmetamorphic anurans: full development of skull bones, columella of adult proportions, and presence of ossified parahyoid and thyrohyals. The hypothesis of the resorbing tail can still be reconciled with the interpretation of Triadobatrachus being a post-metamorphic juvenile, simply by positing that Triadobatrachus did not undergo complete resorption of its caudal vertebrae, and that the remnants observed persisted in the adult form, or that this resorption occurred a bit later in ontogeny. In this scenario, the process of caudal vertebrae resorption would have been displaced earlier in ontogeny (through heterochrony) in the subsequent evolution of salientians.
Jumping capacity in Triadobatrachus
The musculoskeletal system of terrestrial tetrapods results from adaptation for locomotion in their environment. Thus, in the trophic interactions of tetrapods, i.e. predation or predator avoidance, their mode of locomotion depends on the physical and geometrical structure of the environment. For example, in arboreal environments, individuals must walk, run or jump in the trees and between branches for escape. Thus, the analyses of phenotypic traits like skeletal morphology could yield clues about the usual mode of locomotion of extinct taxa, such as Triadobatrachus, and consequently their environment. In extant anurans, one aquatic and two terrestrial (jumpers and walker-hoppers) locomotor behaviours are classically considered.
As a further refinement of the terrestrial categories, Enriquez-Urzelai et al. (2015) recognised four subgroups. Jumpers were divided into terrestrial (TJTerrestrial Jumpers) and arboreal species which climb extensively (AJ -Arboreal Jumpers). Fossorial species that burrow with the posterior extremities were separated from Walkers-Hoppers (WH) and qualified as Burrower-Walker-Hoppers (BWH). In anurans, aquatic locomotion is highly stereotyped with a simultaneous extension of the hindlimbs, even if differences in the inter-articular coordination of the hindlimb joints can be found between some clades (Nauwelearts et al., 2005; Richards, 2010) . Aquatic locomotion will not be discussed further here, as there are no indications of Triadobatrachus being specialised for swimming (contra Griffiths, 1963) .
One of the main issues in the literature concerning the locomotion of Triadobatrachus is its ability to jump (e.g. RR89; Sigurdsen et al., 2012) . Morphology of the trunk, the caudal vertebrae, the fore-and the hind limbs led some previous authors to postulate that Triadobatrachus was built for lateral undulatory walking (Reilly and Jorgensen, 2011) and that saltatory locomotion was incipient (RR89). However, an analysis of the forelimbs and pectoral girdle led Sigurdsen et al. (2012) to suggest that jumping or hopping was part of Triadobatrachus, locomotor repertoire.
Jumping is defined as a leap in which the animal is initially stationary (McNeill, 2003) . Its impulse is produced by simultaneous extension of the hindlimbs, and landing occurs on the forelimbs in anurans (e.g. Pelophylax kl. esculentus; Nauwelaerts and Aerts, 2006) . Thus, jumping capacity depends on the ability of the hindlimb extensors to produce maximal power output during a stretch-shortening cycle (McNeill and Bennet-Clark, 1977) , and the forelimb extensors to absorb mechanical energy through eccentric contraction Aerts, 2006, Legreneur et al., 2012a) .
It is clear that the musculo-skeletal architecture of forelimbs allowed Triadobatrachus to absorb a certain part of mechanical energy at landing, as suggested by Sigurdsen et al. (2012) . However, the short lengths of the humerus, radius, and ulna imply the use of another damping mechanism, i.e. energy absorption by the trunk that would follow the flexion of the forelimbs. One mechanism could be the form of the pectoral girdle structure, i.e. arciferal vs. firmisternal. The latter would be less efficient in landing because arciferal girdle would allow the animal to decelerate over a greater distance through rotation of the scapula (Emerson, 1983 (Emerson, , 1988 . However, a biomechanical interpretation of the arciferal girdle as a shock absorption mechanism is not convincing since the firmisternal structure appears only in more recent anuran groups. Moreover, the arciferal girdle is found in anurans belonging to many locomotor categories, such as AJ (Hylidae), WH (Bufonidae), TJ (Discoglossidae, also called Alytidae or Bombinatoridae in the recent literature, and Pelodytidae), and BWH (Pelobatidae). In Triadobatrachus, the pectoral girdle is very poorly preserved. However, given that Triado-batrachus represents an early salientian, and because of the curved shape of its clavicle (RR89), we can assume that the girdle was not firmisternal. BorsukBiałynicka and Evans' (2002) reconstruction of the scapula and coracoid of Triadobatrachus, like our own reconstruction, suggests that it would not be arciferal either. Another damping mechanism would involve the cartilaginous suprascapula. In Triadobatrachus, the suprascapula is not preserved. We can therefore suppose that it was mainly cartilaginous and maintained by the furrow on the dorsal margin of the scapula. Given these data, it seems that the musculoskeletal structure of the forelimbs and pectoral girdle would have been able to damp the forces generated by landing after a free fall phase. However, unlike Sigurdsen et al. (2012) , we do not consider that this condition alone suffices to infer that Triadobatrachus was able to jump. Before landing, it is necessary to take off.
Jumping impulsion is organized into two distinct phases (Legreneur et al., 2010) . First, an extension of the forelimbs orientates the body's centre of mass velocity vector (Emerson and De Jong, 1980) . This orientation is close to 45° in specialist jumpers (those that use the jump as a usual form of locomotion) and 30° or lower in general jumpers (those that jump to escape from predators, and exceptionally to capture preys). Second, the body's centre of mass is accelerated until the take-off instant through an orientation that remains constant. The forelimbs do not participate in the propulsion that is only provided by the hind limbs. Jumping performance results from a trade-off between many morphological factors: (i) the ratio between the mass of the hind limb extensor and the total body mass, or, in terms of mechanical work, the ratio between the muscular work vs the work required to accelerate the body's centre of mass (Scholz et al., 2006) ; (ii) the hind limb length relative to snout-vent length (SVL) (Losos et al., 2000; Legreneur et al., 2012b) ; (iii) the architecture of extensor muscles and their insertion on the skeleton (Biewener and Roberts, 2000) ; (iv) the degree of freedom of the pelvis along the axis passing through the ilio-sacral and sacro-urostylar articulations (Kargo et al., 2002) . In a specialist jumper, e.g. the South American hylid Hypsiboas boans, femur and tibiofibular lengths are similar and close to 50% of SVL (A. Herrel pers. comm.), for a maximal jumping performance of 209 cm. In contrast, in generalist jumpers, such as Anolis carolinensis Voigt, 1832, these lengths are also similar to each other, but they represent only 19% of SVL for a maximal performance of about 21 cm (Legreneur et al., 2012a; Gillis et al., 2009) . In Triadobatrachus, femoral and tibial relative lengths are respectively 24% and 16% of SVL. These values indicate that if Triadobatrachus jumped, it would have been a general jumper as proposed by RR89. Jumping capacity is highly related with tibiofibula to femur ratio value. Zug (1972) reported that strong jumpers have a ratio above one, i.e. 1.14 and 1.13 for Pseudacris crucifer and Rana clamitans respectively, whereas weak jumpers have a ratio below one, i.e. 0.99 for Bufo terrestris. In Triadobatrachus, tibiofibula to femur ratio value is 0.66, which suggests that its jumping performance was poor. Moreover, the lack of fusion of the tibiofibula is not compatible with achieving great jumping performance (Roček and Rage, 2000) .
In extant anurans, a functional relationship exists between sacroiliac configuration and locomotion (Reilly and Jorgensen, 2011) . In Triadobatrachus, the ilia are moderately elongated and in the sacroiliac articulation, we cannot determine whether the sacral ribs were located dorsal to the anterior rami of the ilia ('narrow configuration') or between them ('broad configuration'). However, neither configuration would fit the categories recognised for anurans, i.e. fore-aft-slider, lateral bender, or sagittal hinge. Therefore, the locomotor function of the basin must be inferred from assumptions about morphology. According to RR89, hind limb muscle insertion areas were not affected by the prolongation of the anterior rami of the ilia. RR89 also suggested that the pubis could have played a shock absorber role in jumping. However, as discussed above, in quadrupedal tetrapods, generalist jumpers always land on their forelimbs. It therefore seems that, if the mobility of the basin was sufficient around the sacroiliac joint, its function would be to act as an additional member to create mechanical power during the impulsion (Kargo et al., 2002) .
During impulsion, the horizontal distance between the vertical projection of the body's centre of mass of the animal and the centre of pressure (point located between the hindlimb and the floor at which the ground reaction force is applied) generates a rotational momentum at take-off. The longer the distance between these two points is, the greater the momentum is. Thus, this torque depends on the length of the hindlimbs, the SVL, the position of the body's centre of mass, and the orientation of the velocity vector at takeoff instant. In Pelophylax kl. esculentus (Nauwelaerts and Aerts, 2006), this distance is relatively short because of its body proportions (short SVL, long hindlimbs) and a takeoff angle near 45°. However, the rotation torque is present and induces a rotation of the body of the frog of about 40° during a typical jump. This allows the animal to take off with the hindlimbs and land on the forelimbs. In the squamate Anolis carolinensis, whose hindlimb length and SVL are closer to those of Triadobatrachus, a similar rotation is observed in spite of longer SVL, shorter hindlimbs and lower take-off velocity orientation. Indeed, these parameters should induce a greater rotation torque. In fact, this torque is compensated by the presence of the tail that moves back the position of the animal's centre of gravity. Thus, in case of autotomy, forward rotation of A. carolinensis increases to about 110º, inducing a loss of control of the body during the aerial phase and landing on the back (Higham et al., 2001; Gillis et al., 2009) . These studies suggest that the tail can be used actively in the aerial phase to correct the body position in three dimensions. As shown above, Triadobatrachus probably lacked a protruding tail, and even if it protruded, the tail would have been too short to have served that function. Thus, if we suppose that it was able to jump, its long SVL, relatively short hindlimbs and its generalist jumper behaviour with take-off angle below 30° would induce a momentum that could not be compensated during the aerial phase because of the lack of a tail. Therefore, jumping as escape behaviour in trophic interactions would have been disadvantageous for Triadobatrachus.
In conclusion, phenotypic traits of Triadobatrachus suggest that it would have had trouble to jump efficiently, although its forelimbs would have enabled it to land adequately. This interpretation is consistent with RR89's conclusions about the locomotion of Triadobatrachus, and their hypothesis that early salientian evolution was not driven by specialisation for efficient jumping. Instead, these morphological traits seem to indicate a walker/hopper behaviour in Triadobatrachus (Enriquez-Urzelai et al., 2015) . This behaviour gives extant anurans a great capacity for sustained locomotion as active foragers (Wells, 2007) . Maganuco et al. (2009) 
Evolution of trunk length
Our analyses of the number of presacral vertebrae support the hypothesis that early batrachians and/or their immediate ancestors underwent significant trunk length reduction before the divergence between caudates and salientians, and that the trunk length of Triadobatrachus reflects mostly the ancestral condition, rather than a reduction specific to Salientia. The mean estimates for the ancestral number of presacrals in the basalmost nodes in caudates and salientians are identical or just one vertebra shorter (rounding off the decimals) than the mean estimate of 16 for the ancestral condition of batrachians. This suggests that the presacral number at the base of both clades is largely inherited from their recent common ancestor, with perhaps only a small amount of convergence. Marjanović and Laurin (2008) had estimated a maximum of 17 presacrals as the primitive state of the Caudata, appealing to a criterion of parsimony. Our results are concordant with their estimate, although the upper bounds of our 95% confidence round off to 19. The resolution of the polytomies at the base of Caudata, notably the position of Hylaeobatrachus croyii Dollo, 1884, could provide narrower estimates.
The estimates of ancestral presacral length/skull width ratio are more tentative given the nature and incompleteness of our data, but they also provide partial support to the idea of Triadobatrachus featuring a mostly plesiomorphic relative trunk length. Ten out of twelve of our estimates indicate no more than a 20% reduction of the trunk length of Triadobatrachus relative to the ancestral batrachian value. Only the analyses using the divergence dates from Pyron (2011) and San Mauro (2010) suggested a more drastic ~40% reduction. However, Pyron's (2011) dates derive from the first application of 'total evidence' dating to any empirical dataset, and must consequently be viewed with caution. The evolutionary model used for the phenotypic data in Pyron's (2011) analysis may have overestimated the length of branches subtending various extinct taxa, which may have inflated the ages of several nodes. For instance, the oldest known stem-gymnophionan Eocaecilia, which displays few obvious autapomorphies, was inferred to be linked to the other (crown-) gymnophionans by a long branch spanning about 50 My, and the stem-urodele Karaurus is similarly linked to urodeles by a branch extending over about 35 My (Pyron 2011: fig. 4 ), all of which seems counter-intuitive.
While the confidence intervals of our ancestral value reconstructions fail to provide unambiguous support for our hypothesis of a short-trunk batrachian ancestor, the mean estimates show that the available evidence favours a short trunk under several schemes of relationships and divergence times. We believe that these results cast a more than reasonable doubt over the previous scenario with an ancestor of salamanderlike body proportions.
The origin and pace of the shortening of the vertebral column of salientians and other batrachians is of great relevance for the hypotheses about the origin of the anuran morphotype, with its highly specialised caudopelvic apparatus optimized for jumping. Previous works had assumed that the evolution of the elements of the system were more or less simultaneous. For instance, Handrigan and Wassersug (2007a) pointed to Triadobatrachus as evidence that trunk shortening was accompanied by the loss of the adult tail, and RR89 (see also Roček and Rage, 2000a; Roček and Rage, 2000b) assumed that the same shortening was related to the elongation of the ilia. The latter proposed that the anteroposterior elongation of the ilia of Triadobatrachus may have been caused by the shortening of the trunk (by a reduction in the number of presacrals) coupled with the need to maintain a certain distance between the pectoral and pelvic girdles. However, the early urodele Beiyanerpeton Gao and Shubin, 2012 (Late Jurassic) had similar presacral length/skull width ratios and the same number of presacrals as Triadobatrachus, and the Late Jurassic caudate Karaurus has even fewer presacrals (12 or 13) and a lower ratio. Yet, none of them display anteroposterior elongation of the ilia. It is unclear why the proposed biomechanical constraint would not affect these caudates as well.
If the trunk length of Triadobatrachus is close to the ancestral state of batrachians as a whole, as our results suggest, the case for the elongation of the ilia evolving as a biomechanical response to axial shortening becomes even weaker. Therefore, it is more likely that the initial elongation of the ilia of Triadobatrachus and salientians in general appeared first as a result of other selective pressures. The anuran condition was probably attained after a second phase of further trunk reduction and the specialisation to the jumping behaviour. Similarly, the typical, fairly slender body proportions of urodeles, which are often considered to have been inherited from their Paleozoic ancestors, appear instead to result from a reversal.
Triadobatrachus as a calibration constraint for molecular divergence time analyses
Triadobatrachus has been used several times for setting calibration constraints on divergence age analyses based on molecular clocks, either as a nodal (e.g. San Mauro et al., 2005; Marjanović and Laurin, 2007; Zhang and Wake, 2009; San Mauro, 2010) or tip constraint (Pyron, 2011) . Given the recent publication of guidelines for justifying fossil calibrations (Parham et al., 2012) , a few comments on the appropriateness of Triadobatrachus for that purpose are timely and likely useful for future studies. Furthermore, uncertainties in the exact provenance of the specimen (see section 'Geological context and age') makes a review of the recent stratigraphic literature of the relevant Permo-Triassic strata of Madagascar timely. Benton et al. (2015) recently did this, but here we give more details and update some information. Parham et al. (2012) proposed a five-step checklist for the justification of each constraint; we will briefly discuss each with respect to the minimal geological age of Lissamphibia, Batrachia, and Salientia, considering Triadobatrachus and Czatkobatrachus. (s) (s) or an explicit, up-to-date, phylogenetic analysis that includes the specimen(s) should be referenced. Triadobatrachus has several characters that indicate a stem-anuran position, e.g. moderately anteroposteriorly elongated iliac shafts with a dorsal tuberosity, moderately elongated metapodial elements, presence of a frontoparietal, transversally-oriented palatine, deeply triradiate pterygoid, presence of lateral alae of the parasphenoid, possible presence of a mentomeckelian, absence of teeth on the dentary. Futhermore, this position has been recovered in several phylogenetic analyses with widely different sampling foci (e.g. Gao and Wang, 2001; Vallin and Laurin, 2004; Pyron, 2011; Sigurdsen and Green, 2011) . The holotype of Czatkobatrachus is an incomplete ilium featuring a moderately elongated shaft and a prominent dorsal tuberosity of anuran affinites. However, that specimen can afford only a very limited number of characters of phylogenetic interest. Additional Czatkobatrachus specimens can be referred to improve that situation (scapular girdle elements being the most useful), but it should be considered that all the specimens are dissociated fragments whose attribution should be carefully justified given the presence of temnospondyls in the same assemblage. 3. Explicit statements on the reconciliation of morphological and molecular data sets should be given. While to a large extent, this matter is specific to the molecular data set of each analysis, we are aware of a single molecular phylogenetic analysis that is compatible with the paraphyly of Lissamphibia (Fong et al., 2012) , and none for the paraphyly of Anura. The vast majority of molecular analyses are not discordant with recent morphological phylogenetic analyses and they pose no conflict for the phylogenetic position of Triadobatrachus and Czatkobatrachus. 4. The locality and stratigraphic level (to the best of current knowledge) from which the calibrating fossil(s) was/were collected should be specified. For Triadobatrachus, we have discussed this in detail in the section Geological context and age. Given those stratigraphic uncertainties (Late Induanearly Olenekian), we differ from Benton et al., 2015 in that we conservatively suggest to set minimum age of Batrachia and Lissamphibia at the top of the early Olenekian instead of the top of the Induan (the subdivisions of the Olenekian have not been dated precisely, see below). The holotype and all the other specimens of Czatkobrachus belong to the tetrapod assemblage collected from a single fissure known as 'Czatkowice 1', of the Early Triassic karst deposits of the Czatkowice 1 quarry. Sulej (2009) and Borsuk-Białynicka et al. (2003) recently dated the deposits of this fissure to the late Olenekian based on tetrapod fauna correlations. Thus, the fossils of Czaktobatrachus are stratigraphically more recent than that of Triadobatrachus. However, the temporal distance between them is so small that the two taxa may have overlapping true (rather than observed) stratigraphic ranges, and should have no effect for most molecular dating studies considering the magnitude of the associated errors. Parham et al. (2012) highlights the weaknesses for that end of Triadobatrachus (scant provenance data) and Czatkobatrachus (morphological incompleteness), but there is little doubt that given the available evidence the end of the early Olenekian should be set as a minimum age for Lissamphibia and Batrachia.
Museum numbers of specimen
Conclusions
We hope that the present work represents a significant improvement of our knowledge of Triadobatrachus, but we have also revealed new problems. In particular, the sequence of modifications in the evolution of the salientian trunk and caudopelvic apparatus seems to contradict previous hypotheses, but we still have a very incomplete picture, and the functional implications remain enigmatic. We expect that this new perspective of this key salientian will stimulate further research.
